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RESEARCH M E M O W U M  

ALTITUDE PEWORMANCE -TIGATION OF SIXGU3- AMD 

By James L . E-, Jr .,. and Kenneth R I Vincent 

An investigation of the performance of an. annular-cambustor-type 
turbojet  engine w a s  conducted, and the  performance of a PIACA single- 
annular combustor having controlled air dist r ibut ion was  compared with 
tha t  of the  standard double-annul-  conibustor. The turbine-discharge 
temperature  profiles , conibustion efficiency,  al t i tude limits, and engine 
performance using  both conibustors were Fnvestigated aid compared over a 
range of a l t i tudes and engine  speeds at two f l i g h t  Mach numbers with 
four sets of f u e l  nozzles  having different f l o w  rates.' Duct t e s t s  of  a 
one-fourth  sector conibustor of the  single-annular  design were used t o  
predict any necessary changes that were made t o  the  ful l -scale  cordbustor. 

P 

The most significant-advantage of the  single-annular combustor over 
the double-annulaz combustor WEIS improved combustion efficiency. How- 
ever, t h i s  gain w a s  not fully realized in  engFne specif ic   fuel  consump- 
t i on  because of the  larger  pressure loss tbro- the  single-annular com- 
bustor. The effect  of f u e l  nozzle s ize  on the single-annular combustor 
using JP-3 was negligible,  but  the use of small fue l  nozzle sizes at 
high  altitudes  with  the double-annular combustor using  gasoline  not 
only prevented  temperature  Fnversion,  but also provided specif ic   fuel  - 
consumptions as low a~ values  obtained with the  single-annular cordbustor. 
The a l t i tude  limits of the  single- and double-annul8r  combustors were 
essentially the same. Combustion efficiency and alt i tude  operational 
limits  with  the  single-annular combustor were not appreciably  affected 
by changes in   fue l   vo la t i l i t y .  In general, a good agreement existed 
between the  ful l -scale  combustor and the  one-fourth  sector  investigations. 

INTRODUCTION 

Increased  operational  altitudes of current  aircraft  emphasize the 
9 need f o r  continued improvements i n   t he   a l t i t ude  limits apd alt i tude  per- 

formance of current turbo jet engines. One disadvantage of turbojet  - engines i s  poor fue l  economy, which is  aggravated by decreasing combustion 
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efficiency with increasing  alt i tude.  Any improvement that  can be obtained . 

i n  combustion eff ic iency  a t  high a l t i tudes  will, generally  result in 
improved range o r  pq! load. Combustion blow-out at low engine  speeds 
and l imitat ion of  the maximum engine  speed due t o  excessive  turbine-gas 
temperatures f o r  engines  equipped with fixed-area exhaust nozzles gen- 
e ra l ly   es tab l i sh  the a l t i tude  limits of turbojet  engines. 

- 
J 

The purpose of the  investigation conducted at the NACA Lewis labor- 
atory and reported  herein w a s  to determine the improvements possible in 
full-scale  turbojet-engine performance when a single-annular combustor 
with s lo t t ed   a i r - in l e t   o r i f i ce s  was used. The conibustors investigated 
were developed using as a guide  the  information  obtained from a one- 
fourth  sector  investigation.  Five  modifications were made to   the   o r fg-  
inal   s ingle-annula  combustor design, and the  modification  giving the 
best  performance with regard  to   out le t  radial temperature  distribution 
was compared with the standard  engine combustor for   the  engine invest i -  
gated. The investigation  covered a range of a l t i tudes  from 10,000 t o  
50,000 f ee t  at flight Mach numbers of 0.30 and 0.60. The e f fec t  of fuel 
atamization.on combustor performance was investigated by using four sets 
of fuel  nozzles  having  different flow rates; the effect  of the Reid 
vapor pressure of the fuel was also investigated. Performance conpari- 
som include combustion efficiency; combustor pressure loss, turbine- 
discharge  temperature  profiles,  turbine-discharge  total  temperatures, 
net   thrust ,  and net- thrust   specif ic   fuel  consumption. 

Altitude Chamber 

The a l t i tude- tes t  chamber Fn which the engine was ins ta l led  i s  
10 f e e t   i n  diameter and 60 f e e t   i n  length, and is i l l u s t r a t e d   i n  figures 1 
and 2. The t e s t  chamber is  divided  into  three  sections  sepmated by 
s t e e l  bulkheads - the a i r . i n l e t . s e c t i o n ,  the  engine compartment, and the 
exhaust  section. The  engLne was mounted on a thrust measuring  bed with 
the tail-pipe  extending  through a bulkhead in to   the  exhaust  section. 
Freedom of  movement of the i n l e t  duct was provided i n  an axial   d i rect ion 
by means of  a labyrinth  seal .  A rear  bulIrhead was i n s t a l l ed  around the 
engine tail pipe  to pre-Tent recirculation of the  hot  exhaust  gases around 
the  engine. 

Instrument a t   i on  

The locations of the  instrumentation  stations for the  engine  ere 
shown i n  flgure 3. The detailed location of  the separate tenperature 
and pressure  probes at each s ta t ion  is  shown i n  figure 4.. The inst ru-  
mentation at the engine in l e t ,   s t a t ion  1, was wed i n  calculating the 
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alt i tude  correction  factors 6 and 6 Elnd the engine air flow. The jet  

and 7 (see appendix) . The atmospheric  pressure  surrounding  the jet noz- 
z le  was sensed by four Lip statkc  tubes  (fig.  4(f)). The turbine- 
discharge  temperature  profiles were deterdned from the six rakes  having 
eight thermocouples each which are shown i n  figure 4(d) . The turbine- 
discharge  temperature at any given radial bmersion is the  average  of 
the  s i x  thermocouples at t ha t  immersion. Fuel flow was measured by 
rotameters  calibrated for the  three  types of fuels  used in this   invest i -  
gation (MIL-F-5572,  MIL-F-5624A (JP-31, and a low v o l a t i l i t y   f u e l  having 
a Reid vapor pressure of 1 lb/sq in .  ) . Analysis of fue ls  used i s  prg- 
sented i n  table I. 

* th rus t  was computed using the pressures and temperatures at stations 6 

Engine 

The engine  used w a s  a J34-WE-18 axial-flow turbojet -ne having 
an Il-stage compressor gLving a pressure  ratio of  approximately 4 t o  1 
at the rated engine  speed of 12,500 rpm, a double-annular combustor of 

investigation,  the  standard engine fuel-control system was  removed and 
an external   fuel  pump, a pressure regulator, and a fuel t h r o t t l e  were 

., instal led.  These al terat ions were m a d e  i n  order tha t   the  performance 
of the  engine  could  be obt-ed outside  the limits imposed by the  fuel-  
control system. These components of the fuel system w e r e  retafned 
throughout the  investigation. 

- the  through-flow type, and a two-stage m a l - f l o w  turbine. For this 

e 

The standard  engine  flow  divider and the  two concentric  fuel manF- 
f o l d s  are  shown schematically in figure 5(s). There are 36 nozzles i n  
the  outer manif old and 24 in the inner manifold that supply fue l  t o  the  
outer and inner annuli, respectively. For the  investigation of the 
standard  double-annular combustor, two matched.sets of f u e l  nozzles  with 
80°  cone angles were used,  one with a flow r a t e  of 7.0 gallons per hour 
and the  other  with a flow rate of 3.0 gallons per hour at a pressure drop 
of  100 ppunds per  square  inch. 

The flow divider and f u e l  manifold  used TJ-fth the  single-annular com- 
bustor are showri schematically in figure 5(b). This manifold has  eight 
separate segments Kith  five fuel nozzles mounted i n  each segment, giving 
a t o t a l  of 40 fuel nozzles. The flow  divider is  a N&A design (refer- 
ence 1). For the  investigation of the  single-annular conibustor, three 
matched s e t s  of fuel  nozzles trith a cone angle of 80° w e r e  used with 
flow rates of  10.5 gallons per hour, 6.0 gallons  per hour, and 3.0 gal- 
lons per hdur at a pressure drop of 100 pounds per  square  inch. Because 
the  single-annular combustor had on ly  40 nozzles whereas the double- 
annular combustor had 60 nozzles,  the  fuel  pressure and atomization  of 
the 7.0- and 3.0-gallon-per-hour  nozzles used i n   t h e  double-annular com- 
bustor  are  approximately  equal t o  the 10.5- and 6.0-gallon-per-hour noz- 
zles used in  the  single-annular combustors, respectively. 
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me double-annulas combustor used 'in'this  investig&tion i s  PiCtWed 
in f i v e  6 and the s u e  annular conibustor  model 1 , in   f igure 7. The 
cross  sections of the two combustors are compare& in   f igure  8. It can 
be  seen that   the  major differences between the two combustors is tha5 
one has a single annulus and s lo t ted  air admission ports, whereas the 
other  has a double annulus with round and oblong air admission ports.  

Several  modifications of the  single-annul= combustor  were Lnvesti- 
gated to  obtain a satisfactory  turbine-discharge  temperature  profile. 
These modifications m e  shown in  f igure 9.  The basic   pr inciple   in   this  
combustor design,  based on the  resul ts  of the  investigation  reported i n  
reference 2, led t o  admitting air through s lot ted axial air openings. 
The air as it flows into  the combustor creates  al ternate  air-rich and 
fuel-rich zones with a zore of combustible  mixture between them extend- 
ing  axially throughout the  length of the combustor. This method per- 
manently seats  the flame at the  front of the confbustor because any ten- 
dency of the flame t o  move downstream ts counteracted by i ts  tendency 
t o  spread back upstream  through these zones of  combustible  mixture. 
The admission o f  air t o - t h e  combustor can  be controlled by opelling o r  
closing  slots and thus almost any desired  temperature  profile  can  be 
obtalned.  In  general, opening slots i n  the  inner w a l l  will lower the 
blade  root  temperature and closing them w i l l  ra ise   the root temperature. 
The  same process  holds for  the  outer w a l l .  Opposing t h i s  process, how- 
ever, i s  the tendency of the air  to  penetrate t o  the  opposite wall. Con- 
sequently, 13 air  baffles or fingers  (f ig.  9 ( f )  ) were instal led on the  
inner  wall of model 6 t o  raise t h e   t i p  temperature  without  appreciably 
affecting  the  root  temperature. Photographs of  model 6 are  presented in 
figure i o .  

Procedure . .  

The general method followed in this  investigation w a s  t o  &termine 
the performance of the 534-WE-18 engine  with i ts  standard  double-wular 
combustor  and t o  compare the  results with  those of the  best of the  single- 
E U X L U ~ U  configurations, model 6. In order t o  determine the  effects of 
fuel  atomization  md  spray  pattern on engine and combustor performance 
md thereby  simulate  duplex o r  variable-wea  nozzle  operation,  data were 
obtained wing 7 .O- and 3 .O-gallon-per-hour fuel nozzles i n   t h e  double- 
annular combustor and 10.5-, 6.0-, and 3.0-gdon-per-hour Fuel nozzles 
in  the  single-annular combustor. 

In l e t  am3 exhaust pressures were s e t   t o  correspond to  the  desired 
flight  conditions i n  the NACA standard atmosphere assuming 100-percent 
ram pressure  recovery. The pressures were set   to   within k1.5 pounds per 
square  foot and, i n  general,  the inlet temperature, t o  within rt5' F.  
The range of a l t i tudes covered was from 10,000 to 50,000 feet at flight 
Mach numbers of  0.30 and 0.60. At each flight condition, the  engine 
speed was vmied over a range from approximately 4000 t o  12,500 rpm. 
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The altitude  operating'lfmits  are  defined by either conibustor blow- 
2 out o r  the  specified idling speed limitation at the  low speed lfmit, and 

by either  Umiting turbine temperature or rated speed at. the  high speed 
a limit. The high speed l imi t  i s  Fmposed on the engLne by turbine-blade 

stress  considerations. This limit.is composed of two factors - the  
physical  stress induced by rotat ion of the turbine wheel and the  gas 
forces, and the  lowering  of  ellowable stress 1Mts by high gas tempera- 
tures.  The dotted  curve shown in  figure ll is the  temperature LhLt 
curve fo r   t h i s  engFne a t  maximum rated engine  speed. The maximum 

0) 

(D 
w temperature-limited engFne speed was considered-  reached when the  turbine- 
4 discharge gas temperature  profile became tangent to this design  curve a t  

any polnt, o r  when- an engine  speed of 12,500 rpm vas obtained. 

The performance of the  double-amular  co&ustor was obtained  with 
the engine  exhaust  nozzle  sized such that the  turbine-discharge tempera- 
tu re   p rof i le  was tangent t o  the  manufacturer's limiting prof i le  at an 
engine  speed of 12,500 rpm at 89 a l t i tude  of 5000 f e e t  and a flight Mach 
number ,of 0. This matching was accomplished wtth  the 7 .O-gallon-per- 
hour f u e l  nozzles  installed, and t he   r e su l t an t   eewt -nozz le   mea  w a s  

f 181 .O squaxe inches. 

With the ins ta l la t ion  of the  single-annular conibustor, the  higher 
pressure drop of t h i s  cambustor required a rematching of the  eihaust 
nozzle t o   t h e  engine. In  order  that  the engine  performance data with 
the two conibuators be  dArectly comparable, it w a s  desirable that the  
engine  exhaust-nozzle mea  with  the  single-annular combustor be sized t o  
produce limiting  temperature at ra te  engine  speed at an a l t i tude  of 
5000 f e e t  and a Mach  number of 0, as was done with the double-annular 

'combustor. However, the  s i n g l e - d u  codus tor  had not been  developed 
suff ic ient ly  t o  m s w e  adequate l i f e  a.ud was therefore run orily a t   t h e  
hlgher  altitudes where the   l eas t   s t ress  would be imposed on the  basket. 
The exhaust-nozzle area had therefore t o  be  estimated instead of 
sized  experimentally. The area  used was 194.i square  inches. Upon 
completion of the single-mular conibustor investigation, it w a s  fomd 
that  limiting  temperature  did not occur a t   ra ted  speed f o r  the  lowest 
a l t i tude  (20,000 feet)  investigated. Consequently, the engine  perform- 
ance data  with  the  single-annular conibustor had t o  be. adjusted t o  values 
tha t  would have been  obtained had the  nozzle area been  such tha t ,  at an 
al t i tude of 20,000 f e e t  and a Mach  number of 0.60, l imiting temperature 
would have occurred a t  the  same engine  speed at  which Umiting tempera- 
time  occurred with the double-annular  conibustor. This speed was 
12,615 rpm, which is  s l igh t ly  over rated speed f o r  the engine. .The 
exhaust-nozzle area should have  been 196.0 square  inches  %teed  of. 
194.1 square  inches. The  method psed t o  adjust the data i n  t h i s  manner - is  explained i n  detail i n  the appendix. 
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Performance with  the  double-annular combustor was determined  with 
MIL-F-5572 (clear  gasoline)  as.the  fuel; performance with  the  single- 
annular combustor w a s  determined  with MiZ-F-5624A, grade Jp-3 .  A short 
investigation was also made with  the  single-annular cor&ustor using a 
special   fuel  with a Reid  vapor pressure of 1 pound per  square  inch fo r  
comparative purposes. 

A one-fourth  sector conibustor of the  single-annular  design  placed 
i n  a duct was used to   predict  any necessary changes tha t  were t o  be made 
to   the  ful l -scale  combustor. Agreement between the  sector and f u l l -  
scale combustors was generally good. 

Design Considerations 

In  selecting  the  best  NACA single-annular combustor configuration 
for conrparison with  the  standard  double-annular combustor, the  turbine- 
discharge  temperature  profile as w e l l  as combustion efficiency, combustor 
pressure loss, and al t i tude llmits w a s  considered.  Turbine-ascharge 
temperakure prof i les   are  shown f o r  representative  single-annular com- 
bustor  configurations in  figure ll. The manufacturer's  temperature limit 
i s  shown i n  this figure 86 the  dashed curve. O f  the  s ix  configurations 
investigated, model 6 (containing  the 13 fingers) provided a temperature 
profile  nearest   that  of the  manufacturer's  lfmiting  profile. 

Combustion efficiency a& pressure loss for   the XACA configurations 
are  compared in   f igures  1 2 (  a) and 12(b) . Model 6 had the  highest com- 
bustion  efficiency,  but it also had the  highest  pressure loss .  Never- 
theless,  considerations of all three of these  parameters  indicated that 
because  of the  better  temperature  profile and hence higher  average tail- 
pipe  temperature, and because of the higher combustion efficiency, con- 
figuration 6 would provide  the  best  over-all performance. All subse- 
quent  single-annular combustor performance data are  for.colIfiguration 6. 

Turbine-Discharge  Temperature Prof i les  

Temperature profiles  with  the  standard  double-annular combustor are 
shown i n  figure 13 for a range of a l t i tudes at the  temperature-limited 
engine  speed. These data were obtdned  with  both 7 .O-gallon-per-hour 
and 3.0-gallon-per-hour fuel  nozzles  in order t o  determine the  effects  
of  fuel  spray  characteristics on performance. I n  most cases,  the  points 
shown i n  this figure have been interpolated from data obtained  over a 
range of engine  speeds  because of the  diff icul ty  in set t ing engine con- 
dit ions such that the observed prof i le  would coincide  with  the l h i t i n g  
prof i le  at l e a s t  at one point. As can be  noted in   f igure  13(a),  a 

J 
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temperature  Lnversion  occurred which shffted  the peak temperatures 

fuel  nozzles. "his inversion  requlred a decrease i n  -&empera;ture-limited 
speed and average tail-pipe  temperature with increasing altitude t o  
avoid  exceeding turbine temperature limits. The inversion is attributed 

the  combustor. As altitude and consequently  corrected engine speed ' 

w e r e  increased, the velocity  gradient became severe with high  velocity 
at t h e   t i p  and low velocity at the  root.  

r toward the  turbine  blade root  WFth increased altitudes for   the  standard 

co 
04 
(D 
4 i n   p a r t  t o  the  effect  of the compressor-discharge veloci ty   prof i le  on . 

Ins ta l l ing   the  3.0-gallon-per-hour f u e l  nozzles i n   t h e  double- 
annular conibustor fo r  hi& altitude  operation  to.  sfmulate duplex or 
variable-area-type  fuel  nozzles  essentially eliminated this inversion. 
The prof i le  at 45,000 f ee t  was very similar t o   t h e   p r o f i l e  at 10,000 f ee t  
with the 7.0-gallon-per-hour  nozzles. This result  apparently is  due to '  
bet ter   fuel   penetrat ion i n t o  the incoming af r .  

Data f o r  a l a t e r  model  of this engfne indicate  that  a flow mixer 
installed a t   the   coqressor   ou t le t  ellminates the  temperature  inversion .. using the 7.0-gallon-per-hour fuel nozzles. The flow mixer did not 

* improve the  basic low altitude  temperature  profile,  but a d  maintain 
the  basic low altitude  temperature  profile as a l t i tude  and corrected 

a device is  shown by the data in  f igure 14. The serious  inversion 
encountered at high corrected  engine  speeds was essentially  eliminated 
wlth the  mixer installed. 

c engine  speed were increased. An example of the  effectiveness of such 

Profiles of the  single-annular combustor model 6 with 10.5-, 6.0-, 
and 3.0-gallon-per-hour f u e l  nozzles axe shown i n  figure 15 over a range 
of a l t i tudes at the  temperature-limited  engine speed.. The 10.5-gd"on- 
per-hour  nozzles gave approximately the same engine f u e l  flows as the  
7.0-gallon-per-hour  nozzles i n   t h e  double-annular combustor fo r  a given 
fuel  pressure. The conibustor was considerably less sens i t ive   to  
compressor-discharge velocity  profile  then  the double-annular  conibustor. 
With the 10.5-gallon-per-hour  nozzles  there was no inversion up t o  
40,000 feet ,   but a  moderate chasge was apparent a t  50,000 fee t .  

Combustion Efficiency 

The combustion efficiency of the  double-annular combustor i s  shorn 
in figure 16 f o r  three  a l t i tudes with the  standard 7.0-gallon-per-hour 
fuel-nozzles and the 3.0-gallon-per-hour  nozzles. There was copsiderable 
reduction in   eff ic iency w2th the  standard  nozzles as the a l t i tude  w a s  

., 

.. 
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increased,  particularly a t  reduced  engine  speed. Using the smaller noz- 
z l e s  t o  simulate variable-area  type  nozzle  operation a t  a l t i tude  resul ted 
in an increase i n  colribustion efficiency of more than 20 percent at alti- 
tude  cruising  conditions,  indicating.  the  desirability of  using  variable- 
area o r  duplex-type  nozzles i n  the standard combustor. On the  other 
hand, the  single-annular combustor w a s  re la t ively  insensi t ive  to  changes 
in f u e l  nozzle  size, as shown i n  figure  17. 3 

7 

. . .  
N u 

As i l l u s t r a t ed  by the comparison i n  figure 18, the combustion e f f i -  
ciency  of the  single-annular combustor was higher than that of the double- 
annular combustor at all conditions,  except fo r  high engine  speed at an 
a l t i tude  of 20,OOO f e e t  where the  efficiencies were approximately  equal. 
With the standard  7.0-gallon-per-hour fuel nozzles i n ' t h e  double-annular 
cordbustor using  gasoline as fuel,  combustion efficiency at cruising 
engine  speed at an a l t i t ude .& 50,000 f ee t  w&8 RS much as 30 percent 
lower than that of the  single  annular conibustor operating on JP-3 fuel .  
Although data for a direct comparison are  not mailable, the data pre- 
sented in   f i gu re  1 6  indicate that use of the 3.0-gallon-per-hour  nozzles 
in  the  standard combustor would reduce the dLfferences in efficiency  to 
less  than half those shown in   f igure  18 with the  large fuel nozzles. 

The performance of the  single-annular combustor, which was designed 
fo r  pade JP-3 fuel,  was also evaluated usfng a modified JP-3 fue l  hav- 
ing the light end8  removed so as t o  reduce  the  Reid  vapor  pressure from 
7 t o  1 pound per  square inch. Comgarison of  the combustion efficiencies 
in   f igure  19 S ~ O X S  essent ia l ly  no effect  f o r  this change in fuel.  

A previous  .investigation  (reference 3) during which both  gasoline 
and J?-3 fue l  were used i n  the double-rnular combustor showed that com- 
bustion  efficiency with Jp-3 f u e l  was from 5 t o  20 percent lower than 
with gasoline. " 

. " 

Combustor Pressure Loss 

Combustor pressure loss was generalized by the method of refer- 
ence 4 and is  shown in figure 20. Data obtained with all fue l  nozzles 
are presented  for  both conibustors over a range of a l t i tudes.  The single- 
annular combustor had more than twice  the  pressure loss of the standard 
double-annular combustor. Effect of this pressure loss ol i  performance 
will be  dis'cussed i n  a later section. 

Altitude  Operating Limits 

The altitude  operating limits are defined by ei ther  combustor  blow- 
out or idling  l imitation at the low speed limit, and by either  l imiting 
turbine  temperature  or rated speed at the high speed limit. Altitude 

- " 

. " 
. .. 
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l imits  of the double-annular combustor a t  a Mach  number of 0.30 with  the 
3.0- and 7.0-gallon-per-hour f u e l  nozzles are shown i n  figure 21. With 
the sta.ndR.rd nozzles,  the -um a l t i tude  was 50,000 feet;   the limft 
for   the small nozzles w a s  genera l ly  slightly  higher.  A t  a Mach  number 
of 0.30 while  using &he 7.0-gallon-per-hour f u e l  nozzles, a region of 
unstable and rwnbling  coribustion was encountered. It is  believed  that 
t h i s  rumbling w-as possibly due t o  an intermittent light- and extinguish- 
ing of the inner annulus o r  an in s t ab i l i t y  in the  combustor which was 
aggravated by resonant  characteristics of the  a l t i tude chmiber. !Phis 
belief  appears  logical  because  unstable combustion w a s  not encountered 
at any a l t i tude  o r  Mach  number with  the  3.0-gallon-per-hour fue l  nozzles 
nor at a f l i g h t  Mach  number of 0.60 with the standard fue l  nozzles, and 
no such phenomenon has been reported elsewhere from flight t e s t s .  

The a l t i tude   - l imi t s  f o r  the  ahgle-annular conibustor at a f l i g h t  
Mach number of 0.60, shown in figure 22, w e r e  essent ia l ly  une9fected by 
fue l  nozzle  size. The m a x b u n  altitude  obtainable  with this combustor 
was approdmately 55,000 feet. No unstable  operation was encountered 
wLth the  single-aunular canibustor. 

Comparing the  double-  and single-annular combustors at a Mach  number 
of  0.60 with 7.0- and 10.5-gallon-per-hour fuel nozzles,  respectively 
( f ig .  23), indicates   that   the   a l t i tude  l imits  were about the same a t  
c r u i s i n g  and high speed  operating  conditions. Below an a l t i tude  of 
50,000 f e e t  it was sometimes possible t o  reduce the speed  with the 
double-annular conibustor by as much as 2200 rpm below the blow-out  speed 
fo r   t he  shgJ-e-armulas: c d u s t o r .  This region of operation i s  unim- 
portant, however, except  possibly  for a i r c r e  let-down operation. 

The a l t i tude  limits of the  single-annular combustor using high and 
low volatilF-t;y  fuels were essentially  unaffected, as shown in   f igure  24. 
U s i n g  gasoline and  Jp-3 f u e l  i n  the double-annular  cbibustor ( refer-  
ence 3) indicated that the   a l t i tude  limits of the double-annulas 
combustor similarly were not  appreciably  affected by a change i n   f u e l  
vo la t i l i t y .  

Variation of corrected  net thrust with  corrected  engine  speed i s  
presented in figure 25 f o r  the single- and double-annular  combustors. 
Ticks on t he  curves inacate  the  temperature-limited engine  speeds and 
thrusts  for  both conibustors. A t  a  given engine speed, the  thrust  with 
the two combustors was  essent ia l ly   the same except at an a l t i tyde  of  
50,000 fee t .  A t  a  given  engine  speed (fig. 26) the  ta i l -pipe tempera- 
ture  wlth  the  single-annular conibustor was higher than tha t  of the 
standard  double-annular conibustor because of an improved turbine tempera- 
ture profile,  but no gains i n   t h rus t  were real ized  ( f ig .  25) xLth t he  
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single-annular combustor because of the high pressure drop  through tha t  
combustor. A t  an a l t i tude  of 20,000 feet and a M a c h  number of 0.6, the 
limiting  temperature for both combustors occurred at approximately  rated 
engine  speed. A t  an altitude of 40,000 f ee t  and Mach numbers of 0.30 
and 0.60, the  temperature-limited  engine  speeds and hence maximum net 
thrusts  were s l ight ly   higher   for   the  s ingle-mular  conibustor because 
of an improved turbine  temperature  profile. However, a t  an a l t i tude  
of 50,000 feet ,   the  single-amular canibustor began to   su f f e r  the effects  
of temperature  inversion  (fig. 15), tha t  is, a reduction i n  tmperature- 
limited engine  speed and average tail-pipe  temperature. These effects, 
conibine& with the higher  pressure loss, caused  both the meximum thrust  
obtainable and tlvvat at a given enghe  speed t o  be lower than tha t  
obtained with the  double-annubr combustor. 

Instal la t ion of a ' f l o w  mixer at the compressor out le t   to   e l iminate  
temperature  inversion in the double-annulas combustor  would probably 
eliminate any margin i n  maximum thrust  of the  single-annular combustor 
over the double-annulas  coubustor. 

N 

(D 
w 
4 

Variation of net-tbrust specif ic   fuel  consumption vith  corrected 
engine  speed, presented in   f i gu re  27, indicates that the  specif ic   fuel  
consumption of the  single-annulas combu8to.r a t  a l t i tude was much lower 
than  that  of the  standard double-annular conibustor with standard  fuel 
nozzles at engine  speerb below maximum. When the 3.0-gallon-per-hour 
nozzles were in s t a l l ed   i n   t he  double-annular conibustor at a l t i tude  
( f ig .  27 (c>  ) , however, the  specif ic   fuel  consumption of the double- 
annular combustor with gasoline w a s  as good aa that of the single-annular 
combustor with Jp-3 fue l .   Ins ta l l ing   the  small nozzles i n   t h e  double- 
annular combustor at 40,000 f ee t  and a Mach number of 0.30 reduced the  
specific fuel consumption by as much as 35 percent,  indicating a con- 
siderable  potential gain i n   a i r c r d t  range by use of improved fue l  
nozzles. . .  

Compezison of Basket Life " 

The double-annular combustor using  gasoline showed  no signs of 
warping or carbon deposit,. whereas t h e   s i n g l e - q u l a r  combustor tended. . _ _ _  
t o  warp 1ongitudbaU.y  and  the- stiffeners had t o  be rewelded periodi- 
~ a l l y  (f ig .  =(a)). After a running t h e  of about 15 hours, the  single- 
annular  codmator using JP-3 showed a s- carbon  deposit  near  the fuel . 

nozzles  (fig. 28(b)), which did  not become wome as running time 
increased. The basket w a s  operated for approximately 108 hours. The 
designers have data (reference 5) which indicate that the  pressure loss . .j 

through the  single-anndar combustor can be  reduced  without  appreciably 
affecting combustor performance. " 

. .  

. -  
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CONCLUDING FtEmRKs 
* 

The most s i m f i c a n t  advantage of the  s ingle-amuhr canibustor over 
the s t anda rd   doub le -qu la r   cdus to r  w a s  i t s  Fmproved combustion effi- 
ciency, as much as 17 to  30 percent at some conditions. However, this 
gain w a s  not   fu l ly   rea l lzed   in   the .   spec i f ic   fue l  consumption because of 
the large  pressure loss through the  sin@;le-annula;r codustor .  

The turbine-discharge  temgerature  profile of  the double-annular 
combustor waa more susceptible $0 inversion with increasing  altitude 
than that of the single-annular conibustor. Using smaller fuel nozzles 
at al t i tude,  t o  simulate  operation with d q l e x  o r  variable-area  type 
nozzles,  essentially  eliminated  the tendency for  inversion with the 
double-annular  wnibustor. Abili ty t o  control the turbine-discharge tem- 
perature  profile of  the single-mmikr combustor by design techniques 
made it possible to operate at higher average t a i l - p i p e   t q e r a t u r e s  
without  exceeding the manufacturer's  recomenaed limit. Although f u e l  
nozzle s i z e  had relatively little effect  on the performance of the single- 
annular conibustor, it had considerable effect on the performance of the 
double-annulax conibus'tor. Proper selection of fuel nozzles i n  the double- 
annular corribustor using gasoline  not on ly  prevented  temperature  inversion 
but also provlded spec i f ic   fue l  consumptions as low a,6 values  obtained 

@ 

- wtth the s i n g l e - m u l m  conibustor using JT-3. 

The pressure loss through the  single-amular canibustor was approxi- 
mately. twLce that of the double-annular combustor. A t  a given  engine 
speed, no gains f n  thrust due t o  improved turbine  temperature  profile 
were realized because of' tplis high pressure loss. However, the m a x b u n  
t h r u s t  obtainable with the  single-annular combustor wa8 i n  some instances 
slightly greater than that of the double-annular corribustor because of 
the ab i l i t y  of the single-annular coldbustor t o  operate at a higher  average 
tail-pipe  t-erature  wlthout exceeding t h e   t u r b h e  %emperatwe limit. 

A t  cruising and high speed  engine operating  conditions,  the maxi- 
mum operable  altitude was essent ia l ly  the same f o r  both the single- and 
double-annular  combustors. At al t i tudes below about 50,000 feet ,   the  
engine  speed with the double-annular confbustor could be reduced as much 
as 2200 rpm below the blow-out  speed f o r  the single-aumlas conibustor. 

Combustion efficiency and alt i tude  operational limFts with the 
single-annular combustor w e r e  essentially  unaffected by changes i n   f u e l  
vo la t i l i t y .  

Lewis Flight  Propulsion  Lahratory 

Cleveland, O h i o  

* National Advisory Committee for  Aeronautics 



1 2  

APPENDIX - SYMBOLS AND CALCULATIONS 

NPLCA RM E 5 l L l 4  

Symbols 

A area, sq ft 

% velocity  coefficient,  V/V~ 

F th rus t ,   l b  

f fue l -a i r   ra t io ,  Wf/3600 Wa 

g acceleration due to  gravity,  3 2 . 2  ft/eec2 

H enthalpy of air, Btu/lb 

hf lower heating  value of fuel,  Btu/lb 

N 

P 

P 

9 

R 

T 

t 

v 
W 

wf 

Y 

6 

?I 

e 

engine  speed, rpm 

total   pressure,  lb/sq f't 

s ta t ic   pressure,   lb /sq.  f t  

dynamic pressure,  lb/sq ft 

gas constant, Ra = 53.34, Rg = 53.4, f%-lb/(lb)(oR) 

t o t a l  temperature, OR 

s t a t i c  teaperatwre, R 

velocity,   f t /sec 

weight flow,  lb/sec 

fue l  flow, lb/hr 

r a t i o  of  specif ic  heats 

r a t i o  of compressor inlet   to ta l   pressure  to   s tandard  sea- level  

0 

pressure of 2U6 lb/sq f t  

combustion efficiency,  percent 

r a t i o  of compressor i n l e t   t o t a l  temperature t o  standard sea-level 
temperature of 519' R 
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k a term accounting for dlfference between enthalpy of carbon  dioxide 
and water vapor in  burned mixture and enthalpy of oxygen  removed 
from air by the i r  formatton 

p density,  lb/cu ft 

Subscripts : 

air 

indicated 

j e t  

net 

efiaust-nozzle throat  

free-stream  conditions 

Numbered subscripts  refer t o  instrumentation  stations within the engine 
(fig. 3). 

Prime superscripts refer to  calculations assuming an isentropic  process. 

Methods of Calculation 

Temperature. - The t o t a l  temperature was determined  by a calibration 
of the  types of themcouple  used. This cal ibrat ion  resul ted  in  a tabu- 
la t ion  of T~/T against P/P. 

Air flow. - A i r  flow was determined from the  measurements of tem- 
perature and pressure at s ta t ion 1 as follows: 

where 

y = 1.4 



14 - NACA RM E5lL14 
* 

Jet thrus t .  - The j e t  thrust was determined from the equation . " 

m 

where a velocity  coefficient Cv of 0.98 m s  assumed. 

N e t  thrust. - The ne t   th rus t  was determined by subtracting  the inlet 
momentum of the air, at the  particular  simulated flight speed, from the 
J e t  thrust. Thus 

wa,l vo Fn = Fj - 
Q 

Cornbustion efficiency. - The conibustion efficiency was computed 
from the  following  equation: 

where the  base temperature f o r  1 is 540° R (reference 6).  

Combustor pressure Loss. - The combustor pressure loss was defined 
as 

p3 - p4 
93 

where 

. I. 

I- "" 
L 

Method of data adjustment. - The exhaust-nozzle area of  the engine 
with the  double-annular combustor and 7.0-gaXi-011-per-hour fuel  nozzles 
was sized so that the turbine  temperature limit occurred a t  rated speed 
(12,500 rpm) at an a l t i t ude  of 5000 feet and a flight Mach  number of 0. 
A t  an a l t i tude  of 20,000 f e e t  and a flight Mach  number of 0.60, l imiting 
temperature  occurred at 12,615 r p m .  

. . -. - -. 

. .  

With the in s t a l l a t ion  of the  single-annular combustor, t he  exhaust 
nozzle had to be  reslzed  because of the  higher  pressure l o s s  of t h i s  
combustor. Because of s t ructural   l imitat ions of  t he  single-annular com- 
bustor, which necessitated  operation at on ly  the  higher  al t i tudes,   the 
nozzle  area  could  not  be  sized  in  the same.manner as f o r  the  double- 
annular combustor. The nozzle  area was estimated at 194.1 square  inches 
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which l a t e r  proved t o  be  s l ight ly   in   error .  In order t o .  make the data 

annular  omb bust or were adjusted t o  values w h i c h  would hhve been obtained 
had the  exhaust-nozzle  area  been such that  limiting  temperature would 

L for   the  two combustors d i rec t ly  compa;rable, the  data for the  single- 

N 

co irr have  been reached at art en@ne speed of 12,615 rpm using  the 10.5-g-on- 
4 per-hour fuel nozzles and o p e r a t a  at an a l t i tude  of 20,000 f e e t  and a 

Mach number of 0.W. 

Adjustment of t he  data made use of the principle of engine puqping 
characteristics  described  in  reference 7. A plot  of engine  pressure 
r a t io  against engine  temperature r a t i o  would be shilar t o  sketch (a). 
For  a given flight  condition, the tail-pipe  pressure muld be a function 

Nozzle mea, 

N N 

of only  the  tail-pipe  temperature. If the ta i l -pipe temperature is  
Wntained  comtant ,  a change i n  exhaust-nozzle mea, and consequently 
engine speed, will not change the  tail-pipe  pressure,  provided  the 
change i s  small enough tha t  component efficiencies through the  engine 
remain essentially  constant. 

With the single-annulax combustor, 10.5-gallon-per-hour fuel nozzles, 
flight Mach  number of 0.60, a l t i tude  of 20,000 feet ,  and exhaust-nozzle 
area of 194.1  square  inches,  the  engine  speed a t  limiting temperature 
was  12,340 rpm, as  indicated by sketch (b). At  constant ta l l -pipe tern- , 

perature,  the  engine speed. w a s  addusted to 12,615 rpm, which w a s  the  
temperature-limited  speed with the double-annular combuetor at the 
same flight conditions-. Then, . fr.om a plot  of a i r  flow against  engine 
speed  (sketch  (c)) , the   increase  in  d r  flow, due t o  the increase i n  
engine  speed, w a s  determined. The increase in air flow proved t o  be 
exactly 1.0 percent. Because the  tail-pipe  pressure and temperature 
remained constant,  the  increase in nozzle  area  necessary t o  pass the 
increased air flow w&s also 1.0 percent,  the new area  being 196.0 square 
inches. 

Net thrust is defined by the equakion 
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Fn = wa[ 2 (l+f) - 

NACA RM E51L14 

Changing the exhaust-nozzle area a s m d L  amour& while maint&ining a con- 
s tant  average tail-pipe  tenperatwe will not  affect V7 (T7 and P7 
will remain constant) or v0. The fue l -a i r   ra t io  remain constant 
unless there i s  a change i n  combustion efficiency. In reference 8, it 
is indicated  that   for an area change of 1.00 percent,  the change i n  com- 
bustion  efficiency will 
therefore  be a function 

be insignificant.  Any change in   ne t  thrust will 
of  only  the chas@;e i n  air flow. 

The thrusts and air flows for  the  single-ssnular combustor were 
adjusted by multiplying  by 1.010. The adjusted  engine  speeds were 
determined for   the corresponding  adjusted air flows by means of plots 
similar to  sketch  (c) . 
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T m  I - FUEL ANALYSIS 

Fuel 

l i s t i l l a t i o n  

t 
Reid  vapor pressure, lb/sq in. 
Specific  gravity at 60°  F/60° F 
Hydrogen-carbon r a t io  
Net heat, gtu/lb by &line 

point  correlation 
Refraction  index, -209 C 
h i l i n e  point, OC 

' 

Freezing  point, OC 
Si l ica   ge l   a romt ics ,  volume 

Bromine  number 

Air Je t  gum, mg/100 ml 
Accelerated  a1r.je-t gum, 

percent 

I n i t i a l  boiling point, ?F 
Percentage  evaporated 

5 
10 
20 
30 
40 
50 
60 
70 
80 
90 
95 

F i n a l  boiling point I ?F 
Residue, percent 
Loss, percent 

m-F-5572 
[c lear  gasoline) 

118 

140 
157 
178 
198 
213 

* 226 
240 
252 
267 
290 
308 
344 

""" 

""" 

6.6 
0.720 
0.179 

18 , 860 
1.4043 
57.3 

""" 

""" 

""" 

""" 

""" 

""" 

bEL-F -5624A 
0-3) 

105 

""" 

154 
19 6 
240 
283 
326 
359 
388 
420 
472 

558 
""" 

""" 

* """ 
7 .O 

0.757 
. 0.171 

18 , 760 
1.4217 
""" 

""" 

A""- 

""" 

""" 

""" 

""" 

' wv 
b w  vo la t i l i t y  

fuel 

181 

242 
271 
300 
319 
-332 
351 
365 
381 
403 
441 
470 
508 
1 .o 
0.5 
1 .o 

0.780 
0.170 

18,691 
1.4329 
62.1 

below-60 

5.72 
1.4 
1.3 

2 

5 



.. . 
-2397 """ 

. . .  . 

I 

I 



I 

. . . .. . . . . . . . . . . 

N 
0 

I 

.. . .. . . .   . .  . 



. . . . , . . . . . . . .. . . . . . . . . 

$2 88 
. . . . . . . . . 

I 23 97 
. . .  

4 

Combustion ohamher 

. - ". I 

1 2 3 4 6 7 

.. . 



22 



NACA RM E5U;14 23 

A = 0.218 in. B = 2.038 in. 
B = .558 G = 2.388 0 Total-preesure probe 
C = .838 H = 2.738 0 Total-temperature probe 
D = 1.138 I = 3.100 i! Wall static probe 
E = 1.438 J = 9.890 

(b) Statim 3, omgressor outlet. 

Figure 4. - continued. lbgtne instrumentation. 
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A = 2.0 In. 
B = 4.0 
C 4.0.6 

NACA RM E 5 U 4  

( 0 )  Station 4, turbine I n l e t .  

F i w e  4. - Continued. EngLne inetrumentation. 

I 0 Total-preesure probe. 
m W e e t i n g h o u e e  integrating 

total-preeeure probe 
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A s 0.161 irr. 
B = .611 
c s 1.091 
D 6 1.591 
E = 2.lzl 
F = 2.691 
0 a 3.231 
E E 3.973 

I 



26 

A = 0.35 in. 
B = 1.03 
C = 1.77 
D - 2.25 
E = 2.58 
F = 3.50 
G = 3.88 
E =  4.54 
I = 5.83 
J = 7.69 

K = 10.25 

M = 6.08 
R = 4.05 
0 = 3.02 
P = 1.55 
Q = .90 
R = .42 
S = .30 
T = .06 

L = 7.84 I " 

\ 

0 
0 
II 

T o t a l - p ~ ~ ~ ~ m  probe 
Total-temper8ture  probe 
Wall static probe 

(e)  Station 6, exhaust-nozzle  Inlet. 

Figure 4. - Continued. Engine inatrumentation. 
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O u t e r  manif old 1 

- 
f u e l  pumps 

From 

Imer manifold 

Flow divider 7 

. 

(e) Standard fuel system. 

1 
Flaw divider 

- 
Y 
'4 

(b) MCA f u e l  ' sys-cem. 

Figure 5.  - Schematio diagram of engine f u e l  system. 
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.:''.:::~~~.~~::. . .............. ............. 
(a) Standera canbustor. 

......~.~.~.~...'.'.'.. Combustion zone ............. 
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(i) UACA model 6 .  

I: 
Block& Open 

Fume 9. - Cmcluaed. Datalled dravLngs af' HACA mbustor  mobele. 
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bustor model 

0 1 2 3 4 5 
Turbine-discharge k r ~ u l a r  passage width, 

lnner to outer wall, in. 

Figure 11. - EFPect of combustor-desiep modifications on turbine-discharge 
temperature-profiles of single-annular combustor wLth 6.0-gallon-per-hour 
fuel nozzles at altitude of 40,000 feeii'and flight Mach number of 0.30. - 
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(a) Combustion  efficiency. 

4 6 a 10 12 
corrected engine speed, ~/-&7, rpm 

(b) Combustor preesure loss. 

Figure 12. - Effect of combuator-design  modifications on combustion 
efficiency and pressure loss of single-annular combuator Kith 
6.0-gallon-per-hour fuel  nozzles at a l t i tude  of 40,000 feet and 
flight Mach number of 0.30. 
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3 4 

I l l  

Ma.nufacturerls limit - 

Turbine-disoharge  annular passage width, 
inner to outer wall, in. 

(a) 7.0-gallon-per-hour 
-1 nozzles. 

(b) 3.0-gallon-per-hour 
fuel nozzles. 

Figure 13. - Effect of fuel-nozzle  size on turbine-disoharge temperature 
profiles of double-annular  combustor  at  flight Mach number of 0.30 and 
maximum temperature-limited engine speed. 
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1500 
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(a) Without e r .  

"" 

(b ) With mtxer . 
Fiwrs 14. - Effect of flow mlxer on turbine-dlsoharge temperature profiles 

of XJ34-WE-32 turbojet engine equipped vith variable-area exhawt nozzle .  
Altitude,  25,000 feet; Mach number, 0.52. 
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(c) Alt i tude, 45,000 feet. 

F-e 16. - Effect. of fuel nozzle size an combustlan~ efTlclency of double -mlar  cambuatm at flight 
Mach number of 0.30. 
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(a) Alt i tuae, 20,000 feet. ( b )  Altitude, 40,033 fest. 
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(c) Altitude, 50,OW feet .  
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I I  me 1 
MIL-F- 5624A 

0 Reid vapor pressure, 

Reid vapor preseure; 
7 ~ / s q  in .  

1 lb/sq in. 

4 8 1 2  16x203 
Corrected engine speed, 

(a) Alti tude,  30,000 feet. (b) Alti tude,  50,000 feet. 

Figure 19. - EPfect of two fuels of different Reid vapor preesures on can- 

. of 0.60 using 6.O-g8Llon-per-hour fue lnozz le s .  
bus t ion   e f f i c i ency  of eingle- oombustor at f l i g h t  Mach  umber 

c 
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Combustor density ratio, p3/p4 
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Engine aped, N, 

49 

Figure 21. - EPfeat of fuel nozzle size  on altitude limits of double-annular corn- - bustor at flight Maoh number of 0.30. 
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4 6 10 12 

Figure 22. - Effect of fuel nozzle eize on altitude limits of single-annular 
cmbustor at flight Mach number of 0.60. , .  
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- 
Engine speed, N, rpm 

Figure 23. - Comparieon of altitude limlte of single- and double-spnuler cam- * 
bustore at flight Mach number of 0.60. 
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c 

t Fuel Combustor Tenperdure- 
blow-out l imited 

It MJL-F-5624A 0 

12 14x 

Figure 24. - Effect of two  fuels  of different Reid vapor  pressures on a l t i t u d e  
l imi t s  of single-annular oombustor with  6.0-gallon-per-hour fue l  nozzles at 
flight Mach number of 0.60. 
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mgure 25. -,comparison o r  correctea net t h a t  of single- and amble-annnlar combus- 
tors at several altitudes, Mach numbers, and fuel nozzle a l m s .  
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(a) Altitude, 20,WO feet; 
Wah number, 0.60. 
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8 10 12 14 16Xld 
Corrected engine epeed, N / G ,  rpm 

(a) Altitude, 40,000 feet; 
Mach number, 0.30. 

(a) Altitude, 50,ooO feet 
Mach number, 0.60 

Figure 26. - Concluded. Cmparieon of oor rec ted  t a l l - p i p e  temperature of elngle- and 
double-annular  oambuatora a t  several altitudes, Mach numbers, and fuel nozzle e izee.  
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G o u i b u s t o r  =el nozzle Mach 
eize number.. 

. 0 Double-annular 7.0 0.6 .. 
(gal/hr) 

n single-a" 10.5 .6 
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7.0 
6.0 
3 .Q 

14XJ.O' 

(0)  Altitude, 4C,OOO feet ;   (a)   Al t i tude,  50,000 feet; 
Wch number, 0.30. Mach number, 0.60. 

Figure 27. - Concluded. CcaaparI6011 of net-tbruet speclf'lc fue l  consumption of single- a d  
donble-annub coanbuatars a t  eeveral al t i tudee,  Mach numbers, sad fuel nozele  sizes. 
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(b) Loow upah.cam at fuel nozzlea and awbon bposits. 

Fl- 26, - Concluded. Warping and oarbon depoalta 011 NACA cambustor. 



.. 

4 


